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T
he casting solidification process is an extremely complex
physical and chemical change process, which includes a
series of processes, e.g. the thermal transmission, the
momentum transmission, the matter transmission, phase
changes and so on. It is extremely difficult to describe the
solidification process precisely. Therefore, it is usually based
on “instantly fill, initial temperature even distribution” [1] to
solve the temperature field in the simulation of solidification.
The finite difference method is usually used. This method is
simple to implement, but its stability and astringency are
profoundly influenced by the time step and space step. In the
suitable condition, the stability is the sufficient condition of
the astringency. Therefore, to determine the suitable time step
∆τ before solving temperature field equation is important, and
it can make the solution process fast and stably. Generally, a
smaller ∆τ value is selected for the simulation of solidification
process [2].
Regarding conventional sand casting, the thermal transfer
is mainly the heat conduction. But regarding die-casting or
other permanent mold casting, the superficial convection and
radiation will have a profound influence on the molten metal.
To speed up the computational speed, this paper derived
several time step computational methods for different
situations.
1 The time step computation satisfy-
ing the Fourier equation condition of
convergence
After molten metal filled the mold, thermal transfer between the
liquid metal and the casting mold is mainly unsteady heat
conduction. Its governing equation is:
Where,
ρ - Density of material, kg/m3;
cp- Specific heat of material, J/(kg.K);
T - Temperature, K;
t - Time, s;
λ - Thermal conductivity, W/(m.K);
Q - Inner heat source,  , J/(s .m3);
L - Metal latent heat, J/kg;
fs - Solid fraction;
x, y, z - Coordinates.
To disperse equation (1) according to the array of difference,
and assume ∆x = ∆y = ∆z, equation (2) is obtained as follows [1]:
Designating:  ;
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During ∆τ, heat of the grid (i, j, k) is Q, namely:
Summation of heat flowing into grid (i, j, k) from x, y, z
direction is: . According to the principle of the conserva-
tion of energy, that is:
Where:
T0- Temperature of grid at current time t in Fig.1, K;
T0  - Temperature of grid at time t+∆τ in Fig.1, K;
qi - Heat flowing into grid in Fig.1 from its neighboring
grid (i=1-6), W.
∆x0, ∆y0, ∆z0 - grid size of Fig. 1, for equilateral grid,
then ∆x0(i)=∆y0(i)=∆z0(i).
Where T0, T0 are temperature of computed grid at current time
step and next time step respectively.
In solidification section, suppose latent heat in the whole
crystallizing field released uniformly, then equation (4) is
obtained as follows:
Where TL is liquidus temperature, TS is solidus temperature.
Substitute equation (4) in equation (3), then equation (3) becomes:
Designating: the equivalent specific heat capacity
  , (when no phase change, ce=c), therefore
To ensure the numerical solution of simulation to be stable, it
must be
Then
Heat conduction is the main thermal transfer mode for
conventional sand casting. Therefore, the stable time step
which satisfies the numerical solution can be calculated from
equation (8).
2 Computation of time step consider-
ing convective and radiative heat
transfer
The heat transfer during solidification usually includes radiative
heat transfer of the high temperature casting and mold surface,
convective heat transfer between high temperature casting and
mold, and heat conduction inside the casting and from the casting
to the mold [3].
In die casting or other permanent mold casting, the mold
surface’s convection and radiation have considerable influence
on the cooling of the high temperature casting in the mold.
Therefore, they were considered in the simulation of solidification
in this paper.
2.1 Three types of heat transfer models [3-6]
For internal grids of casting, the heat transfer model is based on
the Fourier equation, as equation (1).
For boundary grids of casting, when some surface of grids
contacts with the air or the casting mold, thermal radiation and
convection would occur between this surface and the air or the
casting mold.
Newton’s law describes convection heat transfer as follows:
To the boundary grid of casting, it is:
Where, qic - Heat of convection heat transfer, W;
αc - Convection heat transfer coefficient, W/(m2.K);
Si - Heat transfer area, m2;
Ti - Environment temperature, K;
To - Thermodynamic temperature of computed grid at
current time step, K.
Radiation heat transfer follows the Stefen-Boltzman law,
namely:
For boundary grid of the casting, that is
Where, qir - Heat from radiation heat transfer, W;
ε - Radiation coefficient;
σ - Stefen-Boltzman constant.
Converting equation (10) to the form of equation (9), equation
(11) is obtained as follows:
Where   , is the radiation heat transfer
coefficient.
In the boundary grid, radiation and convection heat transfer
occur simultaneously. So the heat flow across the grid is:
2.2 Difference equation of conservation
of energy
Heat transfer between the grid (i, j, k) and neighboring grid is
shown in Fig. 1.
Heat exchange between grid (i, j, k) and
neighboring grids
Fig. 1
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Predicted temperature field is shown in Fig. 2 (color filled).
From the calculated results shown in Table 1, the time step is
larger than the common method, and it can reduce the
computational time approximately 20%. The computation
process is stable and convergent. Table 1 shows that in different
casting methods, the total calculating time and the time step of
solidification simulation are different too. That’s because the heat
transfer coefficients of the casting mold and the interface are
dissimilar for different casting methods [7], and the cooling rate
Table 1 Comparison of time step in different methods for solidification simulation
Conventional sand mold Resin bonded sand mold
Common method
This method
Type
Average time step, s
0.02361
0.02657
Total time, h
about 3
about 2.5
Average time step, s
0.02483
0.02708
Total time, h
about 3.5
about 3
of the casting in resin bonded sand mold is slower than that in
conventional sand mold.
4 Conclusion
(1) For sand casting, the thermal transfer of casting system in
the solidification cooling process is mainly heat conduction. Its
temperature field may be described by the Fourier equation.
However, in permanent mold and other special casting, the
convection and the radiation heat transfer must be considered
Where subscript ‘0’ in the formula expresses current grid (i, j,
k) in Fig.1; ∆y0∆z0=S1 is the grid area in heat transfer direction,
q1 is the heat flowing into the grid (i, j, k) from surface vertical
to X axis. Similarly, heat flowing from another surface vertical
to X axis and surface vertical to Y axis and Z axis can be expressed
by formula (16) as follows:
Where:
qi - Heat flowing into grid in Fig. 1 from its
neighboring grid i (i=1-6), W;
Si - Area of grid surface in i direction, m2;
Ti - Current temperature of its neighboring grid i in
Fig. 1, K;
λo, λi - Thermal conductivity, W/(m.K);
γo, i - Thermal resistance between grid in Fig. 1 and
its neighboring grid i, m2 .K/W.
2.3 Computation of time step
2.3.1 Computation of time step of internal grid
When the grid is in interior, substitute equation (16) in equation
(14), then obtain:
Designate: A=ρc0∆x0∆y0∆z0, supposing grid size is even, and
various grids are of the same material (γ0,i=0), then the above
equation can be simplified as follows:
 , thus obtain:
From equation (17), if T0  has the stable solution, the coefficient
must be larger than zero, namely:
, then obtain:
The result of ∆τ based on the above equation is the internal grid
time step with the stability constraint condition.
2.3.2 Computation of time step of boundary grid
When the grid locates in the boundary, substitute equation (12)
and (16) in equation (14), then obtain:
Therefore
Where, B and C are positive numbers. Because computed grid
locates in different positions, B and C have different expressions
and predicted values. From equation (20), if T0  has a stable
solution, then
 0, namely
Thus the boundary grid time step can be calculated with the
stability constraint condition using the above equation.
Before calculating the temperature field, the position of the
grid in interior or boundary area is first determined, then to
select equation (18) or equation (21) to compute the critical
time step, and choose the minimum value to be the actual
time step. Thus, the solution of the temperature field is
obtained effectively in precondition of stably computing Ti
from Ti .
3 Example checking computation and
discuss
To validate this algorithm, a ductile iron axle casting was selected
to carry out the solidification simulation under different casting
conditions. The results are shown in Table 1.
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Predicted temperature field during the solidification
process of ductile iron casting axle
Fig. 2
because of their considerable influence on the solidification
process.
(2) For different thermal transfer conditions, different practical
formulas of time step were derived in the simulation of
solidification.
(3) The example confirmed that using the accurate variable
time step by the algorithms of this paper can enhance
computational efficiency by about 20% compared to invariable
time step, and avoid computational dispersion in the
solidification simulation.